Benzene is a frequently used industrial solvent. Its toxic manifestations could be modified by sex hormones, but mechanisms of their action are poorly understood. We have examined the influence of progesterone on lipid peroxidation (malondialdehyde), reduced glutathione (GSH), and cytochrome P450 2E1 (CYP2E1) in the liver and kidneys of female rats. Progesterone applied to benzene-treated rats inhibited the formation of reactive oxygen species (ROS), but in ovariectomised benzene-treated rats it significantly increased GSH in the liver. No improvement in CYP2E1 activity was observed in progesterone treated rats. Our results evidence that progesterone changes benzene toxicity (generation of ROS, oxidative stress). However, the probable antioxidative effect of progesterone needs to be confirmed by further studies.
The sex of experimental animals can influence their susceptibility to xenobiotics. In humans, women are more susceptible to the myelotoxic action of benzene than men. These differences have been attributed to the influence of oestrogenic or androgenic hormones on drug-metabolising enzymes (1) . Endocrinal disturbances may greatly alter the toxic potential of drugs or other xenobiotics (2) (3) (4) . Removal of endocrine glands or conditions induced to reduce their activity may also affect drug metabolism. The microsomal metabolising capacity of the liver for a variety of drugs depends on age, diet, strain and sex (5) .
A few reports have described the effects of hormones on benzene toxicity. The leucotoxic action of benzene is potentiated by administration of female hormones to male rabbits (6) . Oestradiol, on the other hand, reverses the protection against benzene toxicity induced by castration (7) . Pregnancy renders rabbits and guinea pigs more vulnerable to the myelotoxic effects of benzene.
Available information confirms that benzene exposure affects serum levels of sex hormones in rat (8) . Since benzene toxicity is attributed to the formation of reactive intermediate species and finally to oxidative stress (9, 10) , endocrinal regulation of its toxicity warrants further study. This is why we carried out a study on the influence of progesterone on benzene toxicity in female rats. This paper brings the results on lipid peroxidation and oxidative stress in the liver and kidneys of female rats subjected to benzene treatments after ovariectomy and progesterone treatment.
MATERIALS AND METHODS
Female Wistar rats [(150±20) g] were procured from the animal facility of Jamia Hamdard, New Delhi. They were kept in laboratory conditions [room temperature (25±5) °C, relative humidity (50±10) % and 12 hours light and dark cycle] for two weeks before starting the experiment.
Each rat was housed separately in a polypropylene cage (4 cm x 27 cm x 13 cm) and given pelleted food (Golden Feeds, New Delhi) and tap water ad libitum. All animal treatments and protocols received prior approval by the Institutional Ethical Committee, and followed the standards laid down by the Ministry of Social Justice and Empowerment, Government of India.
Ovariectomy
Fifteen rats were randomly selected for unilateral ovariectomy following the standard procedure (11) . Light ether anaesthesia was used to put the rats to sleep. A single longitudinal skin incision was made on the dorsolateral area at the level of the lower poles of the kidney after shaving the furs with scissors and cleaning with 70 % alcohol. The skin was retracted laterally toward one side and the ovary exposed through a thin muscle mass just below the dorsal muscle mass. Each incision was of minimum length to allow the extrusion of ovary. Ovary was excised and wound was closed. Aseptic procedure was maintained throughout the operation. These rats were kept under observation for two weeks for any post-operational disturbances. After recovery, the animals were used for benzene treatment.
Experimental design
The rats were divided into six groups, each containing five rats. Four groups of rats were receiving intramuscular benzene injections in sublethal dose of 0.2 mL per 100 g body weight every other day for 30 days. Two groups were receiving intramuscular progesterone injections of 0.5 mL per 100 g body weight alternately with benzene every other day for 30 days. The first progesterone dose was introduced 24 hours after the first benzene dose. Each experiment in any of the groups lasted 30 days.
Group A consisted of ovariectomised rats receiving benzene and progesterone. Group B consisted of non-ovariectomised rats also receiving benzene and progesterone. Group C consisted of ovariectomised rats receiving benzene alone. Group D consisted of non-ovariectomised rats also receiving benzene only.
In group E the rats were unilaterally ovariectomised, but received no treatment. Group F consisted of nonovariectomised and untreated controls.
Body weight of each rat in all groups was recorded every day for thirty days, starting with the first benzene dosing. After the scheduled treatments the rats were starved overnight and sacrificed the following morning under light ether anaesthesia. Blood was collected through cardiac puncture and serum was separated by centrifugation. Wet weights of carefully removed liver and both kidneys were recorded on an electronic balance (Sartorius) to calculate the organ/body weight relationship. Homogenates of liver and both kidney samples were prepared in 0.9 mol L -1 NaCl for protein and malondialdehyde determination, in 0.25 mol L -1 EDTA for reduced glutathione, and in 1.15 mol L -1 KCl for CYP2E1, using the potter Elvehjem homogeniser. The homogenates were centrifuged accordingly to prepare samples for measurements described below.
Serum progesterone
Progesterone concentrations in serum samples were estimated by radioimmunoassay using a commercial kit supplied by SPAN Diagnostics Pvt. Ltd. Surat, India.
Protein
Protein content in the liver and both kidneys was determined applying the method of Lowry et al. (12) . Bovine serum albumin (Sigma) was used as the standard.
Lipid peroxidation
Malondialdehyde as lipid peroxidation product was measured in liver and kidney samples using a method recommended by Jordan and Schenkman (13) . Microsomes were separated following the procedure of Schenkman and Cinti (14) . The formation of thiobarbituric acid reactive substances (TBARS) was recorded at 532 nm using a spectrophotometer (Systronics, India). 1,1,3-tetramethoxy propane (Sigma) was used as the standard.
Reduced glutathione
Reduced glutathione in the liver and kidneys was estimated following the Ellman method (15) using 5'-5' dithiobis-2-nitrobenzoic acid (Sigma, USA). Sulphosalicylic acid was used for protein precipitation. GSH values were evaluated by comparing absorbance values with a standard curve prepared from different GSH concentrations. Absorbance was recorded spectrophotometrically (Systronics, India) at 412 nm.
Assay of CYP2E1 activity
CYP2E1 activity in microsomal preparations of the liver and kidneys was estimated according to the method of Koop (16 p-nitrophenol. Samples were incubated at 37 °C for 3 min prior to the addition of NADPH to start the reaction. After 10 min, the reaction was stopped with 1.5 mol L -1 perchloric acid. Formation of pnitrocatechol was measured spectrophotometrically at 510 nm.
Statistical inference
Student's t-test was used for statistical inferences (17) . The values p≤0.05 were taken as statistically significant.
RESULTS
The control rats (group F) gained 23.3 % of their initial body weight during the experiment. Ovariectomised rats (groups A, C, and E) did not gain weight over the 30 days of the experiment. Benzenealone-treated rats (group D) lost 10.1 % of their initial body weight during the experiment. Ovariectomised benzene-treated rats (groups A and C) did not gain weight during the experiment and their final weights were significantly lower than in control rats.
Administration of progesterone to ovariectomised plus benzene-treated rats (group A) also failed in promoting their growth. However, a gain in weight similar or even greater than in control was observed in benzene plus progesterone-treated rats (group B) (Figure 1) .
Organ/body weight relationship was calculated in rats of all the six groups. The lowest hepatosomatic values were recorded in benzene treated rats (group D) and were similar to controls (group F). Administration of benzene to ovariectomised rats (group C) also reduced the hepatosomatic index in comparison to ovariectomised control rats (group E), but progesterone administration to ovariectomised and benzene-treated rats (group A) increased the hepatosomatic values in comparison to benzenetreated rats (group D). Renosomatic indices also decreased in benzene-treated rats (group D) in comparison to ovariectomised plus benzene-treated rats (group C). The highest renosomatic indices were recorded in benzene plus progesterone-treated ovariectomised rats (group A). Ovariectomy alone increased the weight of kidneys (group E, Figure 2) .
Unilateral ovariectomy as well as benzene-alone treatment (groups E and D) decreased concentrations of serum progesterone. Progesterone administration to benzene-treated rats (group B) lowered serum progesterone concentrations even more (Table 1) . In contrast, benzene administration to ovariectomised rats (group C) increased serum progesterone. Administration of progesterone to ovariectomised benzene-treated rats (group A) increased serum progesterone level even more (Table 1) .
Ovariectomy alone (group E) increased, though not significantly, protein concentration in the liver and decreased it in the kidneys. Treatment with benzene (group D) did not change protein concentrations in the liver or the kidneys. Administration of progesterone to benzene-treated rats (group B) as well as to benzenetreated ovariectomised rats (group A) lowered total protein concentration in the kidneys and increased it in the liver ( Table 2) .
Ovariectomy in untreated rats (group E) increased lipid peroxidation in the liver, but did not affect it in the kidneys. Benzene exposure (group D) also increased lipid peroxidation in the liver and decreased it in the kidneys. Benzene administration to ovariectomised rats (group C) lowered lipid peroxidation in the liver and increased it in the kidneys when compared to rats treated with benzene alone (group D). The highest levels of malondialdehyde were recorded in ovariectomised rats treated with benzene plus progesterone (group A, Table 3 ).
Compared to control rats (group F), ovariectomy (group E) increased GSH level in the liver and decreased it in the kidneys. Administration of benzene to ovariectomised rats (group C) increased GSH level in the liver and the kidneys in comparison to benzene- 
Figure 2 Effect of benzene and progesterone on hepatosomatic and renosomatic indices in rats. Results are expressed as mean ± SE (n=5). * Denotes values significantly different from corresponding control subgroups (of group F, p≤0.05). NS -difference not significant. Inter-group comparisons of hepatosomatic indices show significant differences between groups D:B; B:A; D:C; and non-significant differences between groups C and A at p≤0.05. Values of renosomatic indices between groups D:B; B:A; C:A; and D:C are significantly different at p≤0.05.
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only-treated rats (group D) and to ovariectomised rats (group E). However, administration of progesterone to ovariectomised and benzene-treated rats (group A) reduced GSH level in the liver and kidneys when compared to ovariectomised plus benzene-treated rats (group C, Table 4 ). Ovariectomy (group E) decreased the activity of CYP2E1 in the liver and the kidneys. Benzene treatment (group D) also inhibited CYP2E1 in both the liver and the kidneys. Its activity further declined with progesterone treatment in groups A and B (Table 5) .
DISCUSSION
Hormonal status greatly determines the responsiveness of an organism to different agents, including toxic or carcinogenic. This is evidenced by the action of endogenous sex hormones (18) and further supported by observations of changed susceptibility of experimental animals to toxic or carcinogenic agents upon administration of various steroid hormones. The biochemical basis of such hormonal effects is often considered to be changed metabolic pattern of the toxic agents in the liver (19, 20) . Pretreatment with steroid hormones resulted in manifold increase in the activity of hepatic microsomal enzymes, altering thus the detoxification process of a foreign agent. Enzyme activities can also be stimulated or reduced by the treatment of sex hormones (18, (21) (22) (23) .
Testosterone was found to be the main regulator in mice, whereas in rats this role seems to belong to oestradiol (24) . In our experiments, benzene administration depleted progesterone in rats. Conversely, benzene administration to unilaterally ovariectomised rats enhanced serum progesterone concentrations (Table 1 ). There may be several reasons for this increase. Ovariectomy is known to increase the activity of 3-β-hydroxysteroid dehydrogenase (25) . The activity of this enzyme is governed by the level of progesterone present in circulation. Since progesterone levels would fall immediately after ovariectomy (26) , some compensatory mechanism is likely to occur. Even in normal rats, progesterone levels are constantly changing, being higher in late prooestrus and lower in early oestrus (27) . Progesterone secreted by the adrenal glands in sufficient quantities maintains plasma progesterone concentration in ovariectomised rats (28) .
In our study, we investigated the influence of progesterone on the metabolic disposition of benzene in terms of lipid peroxidation. Results in the liver showed that ovariectomy enhanced the formation of reactive oxygen species (ROS) ( Table 3) . Kato et al. (29) found reduced formation of ROS under the influence of progesterone. In our experiments, however, progesterone administered to benzenetreated ovariectomised rats induced maximum peroxidative injury in the liver and in the kidneys (Table  3) . These changes in lipid peroxidation might have occurred because there was a considerable time lag between ovariectomy and progesterone treatment.
Hormonal influence on phase I metabolic enzymes was expected to change benzene toxicity. CYP2A1 catalyzes oxidative metabolism of testosterone, progesterone, and androstenedione in a highly regionspecific and stereoselective manner (30) . Expression of sex-dependent CYP450 enzymes is also under endocrine control. Oestrogen treatments are known to increase CYP2A1 activity. The antagonistic effects of androgens and estrogens on CYP2A1, therefore, maintain the sex-dependent expression of CYP450 isoenzymes in postpubertal rats. Ovariectomy at birth decreases CYP450 2A1 (31) . Both androgen and oestrogen suppress CYP2E1 expression (32) . Hypophysectomy leads to increased CYP2E1 expression (23) . The level at which different hormonal factors act on the CYP2E1 gene and gene products is not well understood. Changes in enzyme levels were associated with alterations in the endocrine system (33) . Available literature indicates that CYP2E1 is expressed in higher amounts in male than female rats (1). In both sexes, there is an uneven expression of CYP2E1 within the liver acinus. In male rats, CYP2E1 is localised in a 4-to 5-cell thick layer surrounding the terminal hepatic venules (22) . Our results suggest that oestrogens influence benzene toxicity not involving CYP450 isoenzymes. These observations are supported by Harris et al. (34) who suggested that only a few CYP450 isoenzymes associated with biotransformation of drugs are under oestrogenic control. Similar observations were found in rats treated with lindane (35) .
Observations on reduced glutathione support results on lipid peroxidation. Benzene increased GSH levels in the liver and kidneys (Table 4) of ovariectomised rats. However, this increase was not significant in non-ovariectomised rats treated with benzene plus progesterone in comparison with control rats. Progesterone administered to benzenetreated ovariectomised rats improved, though not significantly, GSH levels in the liver in comparison with benzene-alone-treated rats. However, no such improvement was recorded in the kidneys.
The significance of this study lies in two facts. Firstly, benzene toxicity is influenced by progesterone. Increased levels of GSH in the liver of benzene- and progesterone-treated rats, even though not significantly, favour the protective role of progesterone against benzene toxicity. Furthermore, ovariectomised rats could be used as an in vivo model to study the mechanism of benzene toxicity in working women with no or deficient oestrogen supply (36). 
